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RNA localization is a widely conserved mechanism
for generating cellular asymmetry. In Xenopus oo-
cytes, microtubule-dependent transport of RNAs to
the vegetal cortex underlies germ layer patterning.
Although kinesin motors have been implicated in
this process, the apparent polarity of themicrotubule
cytoskeleton has pointed instead to roles for minus-
end-directed motors. To resolve this issue, we have
analyzed participation of kinesin motors in vegetal
RNA transport and identified a direct role for Xeno-
pus kinesin-1. Moreover, in vivo interference and bio-
chemical experiments reveal a key function for multi-
ple motors, specifically kinesin-1 and kinesin-2, and
suggest that these motors may interact during trans-
port. Critically, we have discovered a subpopulation
of microtubules with plus ends at the vegetal cortex,
supporting roles for these kinesin motors in vegetal
RNA transport. These results provide a new mecha-
nistic basis for understanding directed RNA trans-
port within the cytoplasm.
INTRODUCTION
Localization of mRNAs within cells is a powerful mechanism for
generating cell and developmental polarity (reviewed in Du
et al. [2007]). In somatic cells, localized mRNAs can influence
both cell motility and morphology, as exemplified by localization
of b-actin RNA in fibroblasts (reviewed in Condeelis and Singer
[2005]). In many organisms, localization of maternal mRNAs in
eggs and oocytes provides the basis for embryonic patterning.
For example, in Drosophila melanogaster, localized mRNAs are
necessary for anterior-posterior and dorsal-ventral patterning
of the oocyte and developing embryo (reviewed in Minakhina
and Steward [2005]). Among vertebrates, Vg1 mRNA is a promi-
nent example of a localized maternal mRNA that plays a role in
embryonic patterning (reviewed in King et al. [2005]). Vg1
mRNA, which encodes a member of the TGF-b family of growth
factors (Weeks and Melton, 1987), is localized to the vegetal426 Developmental Cell 15, 426–436, September 16, 2008 ª2008 Ehemisphere in oocytes of the frog Xenopus laevis. Spatially ap-
propriate expression of Vg1 is necessary for proper mesoderm
and endoderm specification during embryonic development
(Birsoy et al., 2006; Dale et al., 1993; Thomsen and Melton,
1993), and transport of Vg1 mRNA to the vegetal hemisphere
during oogenesis initiates this process. However, mechanistic
insight into the transport process itself is lacking.
Localization of Vg1 mRNA occurs during midoogenesis and
relies on a 340-nucleotide element in the 30 UTR of Vg1 mRNA
termed the Vg1 Localization Element (VLE) (Mowry and Melton,
1992). The VLE is sufficient to direct vegetal RNA localization
and associates with specific proteins to form a vegetal ribonu-
cleoprotein (RNP) complex (Cote et al., 1999; Czaplinski and
Mattaj, 2006; Deshler et al., 1998; Havin et al., 1998; Kress
et al., 2004; Mowry, 1996; Yoon and Mowry, 2004). Notably,
one component of the Vg1 RNP, Xenopus Staufen, has been
shown to interact with the molecular motor kinesin-1 (Yoon
and Mowry, 2004). An active transport mechanism for Vg1
mRNA localization was first suggested by pharmacological
experiments in which depolymerization of the microtubule cyto-
skeleton abolished Vg1 localization (Yisraeli et al., 1990). More
recently, vegetal localization of Vg1 mRNA was shown to be
disrupted by blocking the function of another molecular motor,
kinesin-2 (Betley et al., 2004). It is not yet clear whether either
of these kinesinmotors function directly in vegetal RNA transport.
The kinesins are a large superfamily of motor proteins contain-
ing 14 classes (reviewed inMiki et al. [2005]). The foundingmem-
ber of the kinesin superfamily, conventional kinesin, or kinesin-1,
consists of two identical heavy chains, containing the motor
domain responsible for ATP hydrolysis and microtubule binding,
and two identical light chains, necessary for cargo binding (Die-
fenbach et al., 1998; Yang et al., 1989). By contrast, kinesin-2 is
a heterotrimeric motor protein, containing two nonidentical
motor subunits and a single nonmotor accessory protein (Cole
et al., 1993; Wedaman et al., 1996).
Kinesin function has been implicated in RNA transport in di-
verse systems, from oocytes to neurons (reviewed in Bullock
[2007]; Hirokawa, 2006). For kinesin-1, specific examples in-
clude transport of CaMKIIa, Arc, and Tau RNAs in mammalian
neurons (Aronov et al., 2002; Kanai et al., 2004; Ohashi et al.,
2002), localization of myelin basic protein mRNA in oligodendro-
cytes (Carson et al., 1997), and transport of oskar mRNA in thelsevier Inc.
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(A and B) Immunofluorescencewas carried out us-
ing SUK4 antibodies on st. III oocytes injected with
fluorescently labeled VLE RNA. Shown is a confo-
cal sectionwith kinesin-1 in green ([A]; aSUK4) and
VLE RNA in red (A0); the overlap of VLE RNA and
SUK4 staining (A00) is shown in white. (B) Higher-
magnification view of VLE RNA and KHC colocal-
ization (white) in the vegetal oocyte cytoplasm. For
(A) and (B), scale bars = 50 mm.
(C) S10 lysates from oocytes injected with VLE or
XbM RNA (lanes 1 and 4 show 10% of total)
were immunoprecipitated with mouse IgG (lanes
2 and 5) or aSUK4 (lanes 3 and 6). Bound RNA
was detected by RT-PCR using primers for VLE
(lanes 1–3) or XbM (lanes 4–6).
(D) S10 lysates from uninjected oocytes were im-
munoprecipitated with mouse IgG (lanes 2 and 5)
or aSUK4 (lanes 3 and 6). Bound RNA was
detected by RT-PCR using primers for Vg1 (lanes
1–3) or EF1a (lanes 4–6). Lanes 1 and 4 show 20%
of total input RNA.Drosophila oocyte (Brendza et al., 2000). However, direct roles
for kinesin motors are, in many cases, still unclear. In the Dro-
sophila oocyte for example, kinesin has been suggested to
play an indirect role through regulating cytoplasmic flows or
exclusion of RNA from the oocyte cortex (Cha et al., 2002; Glot-
zer et al., 1997; Palacios and St Johnston, 2002). In addition,
kinesin could act in RNA localization through interactions with
other motor proteins (Duncan and Warrior, 2002; Januschke
et al., 2002; Mische et al., 2007).
Microtubules in the Xenopus oocyte are largely oriented with
their minus ends toward the cell periphery (Pfeiffer and Gard,
1999). Thus, the oocyte cortex is rich in minus ends, and roles
for minus-end-directed motors in vegetal RNA transport have
been postulated (Kloc and Etkin, 2005; Palacios, 2007; St John-
ston, 2005). Both kinesin-1 and kinesin-2 are plus-end-directed
motors (reviewed in Vale, 2003), complicating models for vegetal
RNA transport that rely on direct participation by such motors.
We have investigated the function of kinesin motors in vegetal
RNA transport in the Xenopus oocyte. We show that kinesin-1 in-
teracts with VLE RNA in vivo and in vitro, and that interfering with
kinesin-1 function in vivo blocks VLE RNA localization, suggest-
ing a direct role for kinesin-1 in vegetal RNA localization. Our re-
sults also demonstrate that kinesin-1 interacts with kinesin-2 and
that these motors carry out overlapping functions in RNA trans-
port. Moreover, using expression of specific kinesin-1 and kine-
sin-2 mutants, we have uncovered a previously unidentified step
in the vegetal RNA localization pathway. Finally, using markers
for microtubule polarity, we have discovered a population of mi-
crotubules with plus ends directed toward the vegetal cortex,
providing new mechanistic insight into this motor-driven RNA
transport process.
RESULTS
Kinesin-1 Interacts with Localized RNA
Kinesin-1 is implicated in vegetal RNA transport in Xenopus oo-
cytes by virtue of associationwith at least one critical component
of a vegetally localizedRNPcomplex (YoonandMowry, 2004). As
a test of a direct role for kinesin-1 in vegetal RNA transport, weDevelopmeasked if kinesin-1 associates with RNAs during transport
(Figure 1). We injected stage (st.) III oocytes with fluorescently
labeled VLE RNA cultured them to allow localization. We then
immunostained them with SUK4 antibodies, which specifically
recognizekinesin-1heavychain (KHC) inavarietyoforganisms in-
cluding Xenopus (Lane and Allan, 1999; Tuma et al., 1998; Wright
et al., 1993). Confocal microscopy revealed that while kinesin-1 is
located throughout the perinuclear region of the oocyte, the
protein is largely absent from the outer ring of the cytoplasm and
cortex (Figure 1A). Only the vegetal cortical region of the oocyte
shows enrichment of kinesin-1, precisely coincident with the
localization of VLE RNA (Figures 1A and 1B). Thus, endogenous
kinesin-1 is colocalized with RNA undergoing localization in vivo.
We further tested the interaction of kinesin-1 with both injected
VLE and endogenous Vg1 RNAs biochemically. VLE RNA was in-
jected into st. III oocytes for localization in vivo. Control oocytes
were injected with Xenopus b-globin RNA (XbM), which does not
localize (Mowry and Melton, 1992). Immunoprecipitation with
SUK4 antibodies from oocyte lysates captured complexes con-
taining kinesin-1, and bound RNAs were detected by RT-PCR.
Both Vg1 and VLE RNAs are specifically immunoprecipitated
with kinesin-1 (Figures 1C and 1D; lane 3 in each); the interaction
cannot be detected with nonrelevant antibodies (lane 2 in each)
or the unlocalized control RNAs XbM (Figure 1C, lane 6) and
EF1a (Figure 1D, lane 6). Taken together, these results indicate
that kinesin-1 is associated with vegetally localized RNP
complexes.
Xenopus Kinesin-1 Is Necessary for Vegetal RNA
Localization
To probe the functional relevance of the interaction between
kinesin-1 and VLE RNA, we used in vivo interference. We again
used SUK4 antibodies, which recognize the motor domain of
KHC and effectively block kinesin-1 function (Ingold et al.,
1988). We injected these antibodies into st. III oocytes, then in-
jected fluorescently labeled VLE RNA to determine the pheno-
typic effects of kinesin-1 inhibition on vegetal RNA localization
(Figure 2). Control oocytes were injected with either mouse IgG
or SUK2 antibodies, the latter of which recognize kinesin-1 butntal Cell 15, 426–436, September 16, 2008 ª2008 Elsevier Inc. 427
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RNA in the process of vegetal localization is evident by its enrich-
ment in the vegetal cytoplasm, extending from the nucleus to the
vegetal cortex (Figures 2A and 2B). In the presence of kinesin-1
function-blocking antibodies (SUK4), however, vegetal localiza-
tion is strongly impaired (Figure 2C). Localization is observed in
only 52% of SUK4-injected oocytes (Figure 2D) as compared
with control oocytes. These results suggest a necessary role
for kinesin-1 in vegetal RNA localization.
As a further step toward testing the function of kinesin-1 in
vegetal localization, we cloned the Xenopus kinesin-1 heavy
chain (XKHC) from oocyte RNA. Sequence analysis of the
XKHC cDNA (see Figure S1 available online) confirms XKHC as
a member of the kinesin-1 family (Lawrence et al., 2004). In vitro
translation of recombinant XKHC carrying a C-terminal FLAG
epitope tag generates a protein that is detected by both SUK4
and FLAG antibodies (Figures S2 and S3D). When FLAG-tagged
XKHC is expressed in st. III oocytes, immunofluorescence
using anti-FLAGantibodies reveals an expressionpattern that co-
localizes with fluorescently labeled VLE RNA (Figure S3A). Thus,
recombinant XKHC is appropriately expressed in the oocyte.
Wenext used the cloned XKHC to interferewith kinesin-1 func-
tion in vivo. Kinesin-1 function canbeblockedby a rigor-typemu-
tation, which causes the motor domain to bind tightly but rarely
detach from microtubules (Nakata and Hirokawa, 1995). A point
mutation (threonine to isoleucine) in the motor domain of mouse
KHC inhibits kinesin-1 function in mouse fibroblasts (Nakata and
Hirokawa, 1995). We engineered a similar rigor XKHC point
mutant, designated XKHC-T92I, for in vivo expression studies.
To quantitate kinesin-1 rigor mutant effects on vegetal localiza-
tion,we injected fluorescently labeledVLERNA into st. III oocytes
expressing wild-type XKHC, XKHC-T92I, or control oocytes ex-
pressing no exogenous protein (Figure 3). VLE RNA localization
was assessed by confocal microscopy; oocytes scored as
positive for localization-exhibited accumulation of VLE RNA in
the vegetal cytoplasm (Figures 3A, 3B, and 3D–3F). Oocytes ex-
pressing wild-type XKHC displayed normal localization as com-
pared to control oocytes (Figures 3A, 3B, and 3F). By contrast,
oocytes expressing the XKHC-T92I rigor mutant displayed a dra-
matic inhibition of VLE localization (Figures 3Cand3F). To test the
Figure 2. Kinesin-1 Has a Role in Vegetal
RNA Transport
(A–C) Confocal images of representative oocytes
injected with fluorescently labeled VLE RNA
following injection with (A) IgG (control), (B)
aSUK2 (non-function-blocking KHC antibody), or
(C) aSUK4 (function-blocking aKHC) antibodies.
Scale bars = 50 mm.
(D) Quantification of antibody interference results.
Oocytes were analyzed for VLE RNA localization
by confocal microscopy, with percent of oocytes
exhibiting localization scored relative to the IgG
control, which was set to 100%.
specificity of the inhibitory effect on VLE
localization observed for the kinesin-1
rigor mutation, we engineered and
expressed a rigor mutation in another
plus-end-directed kinesin motor, Eg5.
Xenopus Eg5 (XEg5) was chosen as a control because it has an
established rigor mutation equivalent to that of KHC (Blangy
et al., 1998) and is expressed during midoogenesis (Houliston
et al., 1994). As shown in Figure 3, oocytes expressing either
wild-type XEg5 (Figure 3D) or the Eg5 rigor mutant, XEg5-
T105N (Figure 3E), at levels equal to XKHC and XKHC-T92I
(Figure S3D), displayed no inhibition of vegetal localization
(Figure 3F). The results of this experiment indicate that the effect
of the kinesin-1 rigor mutation on vegetal localization is specific
and is not a general property of plus-end-directed motors, pro-
viding further evidence that kinesin-1 is necessary for vegetal
RNA transport.
An Intermediate Kinesin-1 Rigor Mutant Phenotype May
Provide Mechanistic Insight into Kinesin-1 Function
during Vegetal Localization
Although the majority of oocytes expressing the kinesin-1 rigor
mutant displayed a complete inhibition of VLE localization, a sig-
nificant fractionwasscoredaspositive for localization (Figure3F).
Many of these (30%–40%) display an intermediate phenotype
that is not observed with wild-type kinesin-1 or the Eg5 rigor
mutant, and do so with a frequency that is directly correlated
with higher concentrations of injected XKHC-T92I-encoding
RNA (Figure S4A). Typically, VLE RNA in the process of localiza-
tion adopts an hourglass-like distribution within the vegetal cyto-
plasm, with RNA distributed from the vegetal side of the nucleus
to the vegetal cortex (Figure 4A). Rather than resembling an hour-
glass, however, oocytes with this intermediate phenotype re-
semble a half-hourglass with RNA accumulating only from the
middle of the hourglass region to the cortex (Figure 4B). The
microtubule cytoskeleton shows no apparent disruption after ex-
pression of the XKHC-T92I rigormutant (Figure S5), and one pos-
sible explanation for the observed RNA distribution is that the
rigor mutants could disrupt transport in the upper vegetal cyto-
plasm. Alternatively, the phenotype could result from inhibition
of transport within the lower vegetal cytoplasm due to rigor mu-
tant motors locked onto microtubules while simultaneously
bound to RNA transport cargoes. Indeed, the kinesin-1 rigor
mutant is colocalized with the aberrantly localized RNA
(Figure S3B).428 Developmental Cell 15, 426–436, September 16, 2008 ª2008 Elsevier Inc.
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diate phenotype, we carried out a temporal analysis of VLE RNA
localization, comparing oocytes expressing either wild-type
XKHC (Figure 4C) or XKHC-rigor (Figure 4D; XKHC-T92I). After
injection of fluorescently labeled VLE RNA, oocytes were har-
vested at 2, 4, 6, or 8 hr, and vegetal RNA localization was ana-
lyzed by confocal microscopy. By 4 hr, a distinct difference was
apparent between oocytes expressing wild-type or kinesin-1
rigor. In oocytes expressing wild-type XKHC (Figure 4C), VLE
RNA accumulates near the germinal vesicle at 4 hr, with little
accumulation in the lower vegetal cytoplasm. By contrast, in oo-
cytes expressing kinesin-1 rigor mutant (Figure 4D), RNA is pres-
ent throughout the vegetal cytoplasm. By 6 hr, RNA is present
throughout the vegetal cytoplasm in control oocytes (Figure 4C),
but it is restricted to the lower vegetal cytoplasm in oocytes
expressing the kinesin-1 rigor mutant (Figure 4D). These results
indicate that movement from the upper vegetal cytoplasm is
unaffected by the kinesin-1 rigor mutant, suggesting that this
step does not rely on kinesin-1.
Our results revealing a role for kinesin-1 in vegetal RNA trans-
port raise the question of whether kinesin-2, also a plus-end-di-
rected motor implicated in this process (Betley et al., 2004),
might act to promote a step in the vegetal localization pathway
that is distinct from that mediated by kinesin-1. Alternatively,
these motors could act together to promote vegetal localization,
or they could function redundantly. To address whether kinesin-
1 and kinesin-2 act at distinct steps in vegetal RNA localization,
we exploited the intermediate phenotype that we observed upon
expression of the kinesin-1 rigor mutant (Figure 4B). The bottom-
half distribution may indicate a function for kinesin-1 in the
vegetal-most region of the oocyte: specifically, in the vegetal cy-
toplasm closest to the cortex, where VLE RNA accumulates in
oocytes expressing XKHC-T92I (Figure 4B). If kinesin-2 does
not function within this region of the oocyte, we would not expect
to obtain a bottom-half phenotype in the presence of a kinesin-2
rigor mutant. To test this, we constructed a kinesin-2 rigor muta-
Figure 3. Kinesin-1 Rigor Mutation Disrupts
Vegetal RNA Transport
(A–E) Alexa-546-labeled VLE RNA was injected
into oocytes expressing (A) no exogenous protein
(control, n = 311), (B) kinesin-1 heavy chain (XKHC,
n = 253), (C) kinesin-1 rigor mutant (XKHC-T92I,
n = 260), (D) Eg5 (XEg5, n = 116), or (E) Eg5 rigor
mutant (XEg5-T105N, n = 123), all injected at
500 nM. Representative confocal images of the
vegetal hemisphere cytoplasm are shown; scale
bars = 50 mm.
(F) Comparison of the percentage of oocytes (gray
bars, ± SD) exhibiting vegetal localization scored
relative to the average for control oocytes (A),
which was set to 100%.
tion.Xenopus kinesin-2 is a heterotrimeric
motor that contains two different motor
subunits termed XKlp3a and XKlp3b (De
Marco et al., 2001). We introduced a thre-
onine-to-isoleucine mutation into the
ATP-binding site within the motor domain
of XKlp3b (Le Bot et al., 1998) to generate
a kinesin-2 rigor mutant, termed XKlp3b-T103I. Using our local-
ization assay we directly compared the phenotypes of oocytes
expressing equivalent rigor mutations. As shown in Figure 4F,
expression of XKlp3b-T103I results in the same intermediate
phenotype observed with XKHC-T92I (Figure 4B) at similar levels
(Figure S4B), and additive effects are observedwhen XKHC-T92I
and XKlp3b-T103I are coexpressed (Figure 4G). The intermedi-
ate phenotype is specific to kinesin-1 and kinesin-2 rigor
mutants and is not observed in oocytes expressing either
wild-type proteins (Figure S4B) or the Eg5 rigor mutant (data
not shown). Moreover, both kinesin-1 and kinesin-2 rigor mutant
motors colocalize with VLE RNA in the lower vegetal cytoplasm
(Figures S3B and S3C). These data suggest that kinesin-1 and
kinesin-2 mediate RNA localization in the same region of the
oocyte.
Kinesin-1 and Kinesin-2 May Coordinate Transport
in the Oocyte
Functions for both kinesin-1 and kinesin-2 in the same region of
the vegetal cytoplasm may indicate that these motor proteins
either act redundantly or have overlapping functions. To test
this we constructed a kinesin-1 mutant that lacks the motor
domain, termed XKHCDm. The XKHCDm mutant is expected
to interact with cargo, but not microtubules (Berliner et al.,
1995; Gelfand et al., 2001), and would thus exert a dominant-
negative effect by forming heterodimers with endogenous
XKHC, thereby reducing levels of active kinesin-1, rather than
by locking onto microtubules as with a rigor mutant. As shown
in Figure 5A, expression of XKHCDm inhibits localization to a sim-
ilar extent as XKHC-rigor (XKHC-T92I). However, in contrast to
XKHC-rigor, inhibition of VLE localization by XKHCDm results
in lack of detectable vegetal RNA accumulation; no intermediate
phenotype is observed. Inhibition of vegetal localization upon re-
duction of kinesin-1 function with the XKHCDm mutation indi-
cates that endogenous levels of kinesin-2 are insufficient alone
to support vegetal RNA localization, suggesting that the function
Developmental Cell 15, 426–436, September 16, 2008 ª2008 Elsevier Inc. 429
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Kinesin Motors Coordinate Vegetal RNA TransportFigure 4. The Kinesin-1 Rigor Mutation Has an Intermediate Phenotype that May Provide Insight into Kinesin-1 Function
(A and B) Oocytes were injected with either (A) XKHC-FLAG or (B) XKHC-T92I-FLAG at 125 nM. After 16 hr expression, fluorescently labeled VLE RNA was in-
jected, and localization was assayed after 8 hr by confocal microscopy. Representative images are shown for the ‘‘normal’’ phenotype (A) and ‘‘intermediate’’
phenotype (B), with the vegetal hemisphere toward the bottom.
(C and D) Oocytes were injected with either (C) XKHC-encoding or (D) XKHC-T92I-encoding RNAs at 500 nM, followed by injection of fluorescently labeled VLE
RNA. Oocytes were harvested at 2, 4, 6, and 8 hr, and localization was assayed as above. Representative images of the vegetal cytoplasm are shown.
(E and F) Oocytes were injected with (E) XKlp3b-encoding or (F) XKlp3b-T103I-encoding RNAs at 125 nM, and assayed for VLE localization as in (A) and (B).
(G) Oocytes (from [A], [B], [E], and [F]) were scored for localization by confocal microscopy, and the percentage that exhibited the intermediate rigor phenotype is
indicated, along with the number of oocytes (n) assayed.
For (A)–(F), scale bars = 50 mm.of these motors is not simply redundant. Likewise, Betley et al.
(2004) demonstrated inhibition of vegetal localization upon over-
expression of kinesin-2 heavy chain (XKlp3b) lacking a motor
domain (Xklp3bDm). Thus, endogenous levels of kinesin-1 and
kinesin-2 cannot rescue the effects of reduction in activity of
either kinesin motor, suggesting that kinesin-1 and kinesin-2
do not function redundantly in vegetal RNA localization.
It is possible, however, that kinesin-1 and kinesin-2 may have
overlapping functions, as these motors appear to function in the
same region of the vegetal cytoplasm. While reduction in kine-
sin-1 activity cannot be compensated for by endogenous kine-
sin-2 (Figures 5A and 5B) and vice versa (Figure 5C; Betley et al.,
2004), overexpression of one motor could potentially rescue loss
of the othermotor. To test this possibility,we expressedXKHCDm
and asked whether overexpression of kinesin-2 heavy chain
(XKlp3b) could rescue vegetal RNA localization. As shown in
Figure 5B, inhibition of vegetal RNA localization by expression of
XKHCDm can be rescued by the coexpression of kinesin-2 heavy
chain (XKHCDm + XKlp3b). As expected, rescue is also obtained
by coexpression of wild-type kinesin-1 heavy chain (XKHCDm +
XKHC). Likewise (Figure 5C), disruption of vegetal RNA localiza-
tion caused by expression of Xklp3bDm can be rescued by ex-
pression of either wild-type kinesin-2 heavy chain (XKlp3bDm +
XKlp3b) or wild-type kinesin-1 (XKlp3bDm + XKHC). Although430 Developmental Cell 15, 426–436, September 16, 2008 ª2008 Ereduction of either kinesin-1 or kinesin-2 function can be comple-
mented by expression of the other motor, endogenous levels of
those motors are not sufficient for complementation, suggesting
overlapping functions for these kinesins in vegetal RNA transport.
Overlapping functions for kinesin-1 and kinesin-2 in vegetal
RNA transport in the oocyte predict that they would be involved
in the same steps of the localization pathway. If kinesin-1 and
kinesin-2 are operating within the same step of localization, it
is possible they are interacting with the same cargo. To test
this we asked whether these motors could be coimmunoprecipi-
tated. KHC-specific SUK4 antibodies were used to immunopre-
cipitate kinesin-1 from oocyte lysates. As shown in Figure 5D, ki-
nesin-2 is coimmunoprecipitated with kinesin-1, as detected
with K2.4 antibodies, which recognize the motor domain of the
XKlp3a subunit of kinesin-2 (Cole et al., 1993). To test whether
the association between kinesin-1 and kinesin-2 might be due
to interaction with Vg1 RNA during transport, we first asked if
the coimmunoprecipitation of kinesin-1 and kinesin-2 was sensi-
tive to RNase treatment. As shown in Figure 5E, XKHC is coim-
munoprecipitated from oocyte lysates using XKlp3a-specific an-
tibodies (lane 1), but the interaction is abolished upon treatment
with RNase (lane 2). Next, we tested whether kinesin-2 is associ-
atedwith endogenous Vg1RNA. As shown in Figure 5F, Vg1RNA
is coimmunoprecipitated by XKlp3a-specific antibodies (lane 3).lsevier Inc.
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Kinesin Motors Coordinate Vegetal RNA TransportFigure 5. Kinesin-1 and Kinesin-2 Have Overlapping Functions
(A) Oocytes were injected with RNA encoding kinesin-1 heavy chain (XKHC, n = 168), kinesin-1 rigor mutant (XKHC-T92I, n = 155), or kinesin-1 mutant lacking the
motor domain (XKHCDm, n = 164), all at 125 nM; control oocytes expressed no exogenous protein (Control, n = 158). Vegetal localization was assayed after
injection of Alexa-546-labeled VLE RNA. The percentage of oocytes (±SD) exhibiting accumulation of the injected RNA in the vegetal hemisphere is indicated
by gray bars, with the average of control oocytes set to 100%.
(B) Oocytes injected with RNA encoding kinesin-1 mutant lacking the motor domain (XKHCDm n = 160) at 50 nM were rescued by coexpression of either XKHC
(XKHCDm+XKHC, n = 168) or XKlp3b (XKHCDm+XKlp3b, n = 165) at 125 nM. Control oocytes expressed no exogenous protein (Control, n = 161); additional
controls expressed XKHC (XKHC, n = 150) or XKlp3b (XKlp3b, n = 157) alone. Vegetal RNA localization was assayed as in (A). The percentage of oocytes
(±SD) exhibiting vegetal localization is shown by gray bars, with the control average set to 100%.
(C) Oocytes injected with RNA encoding kinesin-2 mutant lacking the motor domain (XKlp3bDm, n = 160) were rescued by coinjection of XKHC
(XKlp3bDm+XKHC, n = 155) or XKlp3b (XKlp3bDm+XKlp3b, n = 155), all at 125 nM. Control oocytes expressed no exogenous protein (Control, n = 154); additional
controls expressed XKHC (XKHC, n = 153) or XKlp3b (XKlp3b, n = 160) alone. Vegetal RNA localization was assessed and presented as in (B).
(D) Immunoprecipitation was carried out from oocyte S10 lysates (lane 1) using SUK4 (lane 3) or control IgG antibodies (lane 2). After SDS-PAGE, immunoblotting
was carried out with K2.4 antibodies.
(E) S10 lysate, prepared from st. III oocytes, was treated with either RNase A (+) or RNasin (), and immunoprecipitation was carried out using K2.4 (lanes 1 and 2)
or control IgG antibodies (lanes 3 and 4). After SDS-PAGE, immunoblotting was carried out using SUK4 antibodies.
(F) Immunoprecipitation from oocyte S10 lysates was carried out using K2.4 (lanes 3 and 6) or control IgG antibodies (lanes 2 and 5). Bound RNAs were detected
by RT-PCR using primers for Vg1 (lanes 1–3) or EF1a (lanes 4–6) mRNAs. Lanes 1 and 4 show 20% of total input RNA.As demonstrated for kinesin-1 (Figure 1D), this interaction is spe-
cific; nonrelevant antibodies fail to immunoprecipitate Vg1
mRNA (lane 2) and EF1a mRNA is not coimmunoprecipitated
with kinesin-2 (lane 6). The results of these experiments suggest
that kinesin-1 and kinesin-2 may operate by simultaneously
binding the same cargo, and coordination of these motor
activities may be necessary to transport RNA to the vegetal
cortex.DevelopmeA Subpopulation of Microtubules Is Directed with
Plus Ends Toward the Vegetal Cortex
Delivery of RNA to the vegetal cortex of the oocyte by kinesin-1
and kinesin-2 requires microtubules with plus ends oriented to-
ward the oocyte cortex. However, it has been shown that the
Xenopus oocyte microtubule cytoskeleton is organized with pri-
marily minus ends directed toward the cortex (Pfeiffer and Gard,
1999). This raises the question of how these plus-end-directedntal Cell 15, 426–436, September 16, 2008 ª2008 Elsevier Inc. 431
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port if microtubule polarity is opposite to the direction of kinesin
movement. To address this issue, we performed immunostaining
on st. III oocytes with markers for microtubule polarity. We used
antibodies specific for EB1, which has been shown to bind the
plus ends of growing microtubules (Mimori-Kiyosue et al.,
2000), and g-tubulin, which is a component of nucleation com-
plexes at the minus ends of microtubules (Stearns et al., 1991).
As shown in Figure 6A, EB1 staining is concentrated in the veg-
etal cortex of the oocyte, indicating an enrichment of plus ends in
this region of the oocyte. Analysis of the immunostaining results
by 3D reconstruction reveals that EB1 is concentrated in a disc
within the vegetal cortical cytoplasm (see Movie S1 available on-
line). As expected, EB1 staining is abolished upon depolymeriza-
tion of the microtubule cytoskeleton (Figure S6). Analysis of EB1
and microtubule distribution at high magnification (Figures 6D–
6F) reveals that EB1 is colocalized with microtubule ends (Fig-
ures 6E and 6F). In contrast to the vegetal cortical enrichment
of EB1 staining, visualization of g-tubulin reveals a slight reduc-
tion in concentration of this minus end marker in the vegetal cor-
tex (Figure 6G). These data indicate that while microtubule minus
ends appear to be present in the vegetal cortex, there is a signif-
icant concentration of microtubule plus ends, specifically in the
vegetal cortex. Vegetal enrichment of EB1 is not evident at early
stages in oogenesis and is correlated temporally with the onset
of Vg1 RNA localization (Figure S7). Moreover, EB1 that is en-
riched in the vegetal cortex is colocalized with VLE RNA (Figures
6H and 6I), and no such colocalization is evident in the animal
hemisphere (Figure 6J). These data reveal a subpopulation of
microtubules in the oocyte that can provide directionality for
kinesin-mediated transport of vegetally localized RNAs.
DISCUSSION
We have studied the localization of Vg1 mRNA in the developing
Xenopus oocyte to gain insight into the mechanisms responsible
for transport of mRNA molecules to defined regions of the cell
cytoplasm. Our results support roles for two plus-end-directed
molecular motors, kinesin-1 and kinesin-2, in transport of Vg1
mRNA to the vegetal cortical cytoplasm.We have obtained func-
tional evidence that Xenopus kinesin-1 is a necessary compo-
nent of the vegetal RNA localization machinery (Figures 1, 2,
and 3), and that kinesin-1 and kinesin-2may act together to carry
out vegetal RNA transport (Figures 4 and 5). Previous results
(Betley et al., 2004; Yoon and Mowry, 2004) implicating plus-
end-directed motors in transport of Vg1 mRNA to the vegetal
cortical cytoplasm have been viewed with uncertainty (Kloc
and Etkin, 2005; Palacios, 2007; St Johnston, 2005) because
the polarity of the oocyte cytoskeleton, with microtubule minus
ends throughout the oocyte cortex (Pfeiffer and Gard, 1999),
Figure 6. Markers of Microtubule Polarity
Reveal a Vegetal Population of Plus Ends
(A and B) Immunofluorescence was performed on
st. III oocytes using (A) EB1 antibodies or (B) no
primary antibody. (C) Depiction of vegetal views
shown in (A), (B), (D), (E), and (I). The optical sec-
tion,10–25 mm from the vegetal pole, is depicted
as a gray grid relative to the oocyte animal-vegetal
axis. (D–F) Immunofluorescence was performed
on st. III oocytes using both EB1 and a-tubulin an-
tibodies. (D) An optical section shows EB1 in green
(D) and a-tubulin in red (D0). (E) Colocalization of
EB1 (green) and microtubules (red), viewed at
high magnification (scale bar = 5 mm). Arrowheads
point to examples of microtubule ends colocalized
with EB1. (F) An optical section, with the vegetal
pole oriented toward the bottom, shows a-tubulin
in red (F) and EB1 in green (F0). Arrowhead points
to a microtubule end colocalized with EB1; scale
bar = 2 mm. (G) Immunofluorescence was per-
formed on st. III oocytes using g-tubulin anti-
bodies. A cross-section through the vegetal
cytoplasm is shown, with the vegetal pole at the
bottom. (H) Immunofluorescence was performed
on Alexa 546 VLE-injected oocytes using EB1 an-
tibodies. An optical cross-section of the vegetal
cytoplasm is shown, with the vegetal pole at the
bottom. EB1 is shown in green (H), VLE RNA is
shown in red (H0), and the overlap of VLE RNA
and EB1 is visualized in white (H00). (I) Vegetal
view (as in [C]) of EB1 and VLE colocalization in
a st. III oocyte. EB1 is shown in green (I), VLE
RNA is shown in red (I0), and VLE RNA and EB1
overlap is shown in white (I00). (J) An optical
cross-section of the animal hemisphere from (H)
is shown, with VLE RNA as red (J) and EB1 as
green (J0 ). Scale bars represent 50 mm (A, B, D,
and G–J), 5 mm (E), or 2 mm (F).432 Developmental Cell 15, 426–436, September 16, 2008 ª2008 Elsevier Inc.
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motors in vegetal transport. In this work, we have uncovered
a population of microtubule plus ends that are enriched at the
vegetal cortex (Figure 6), consistent with a role for plus end mo-
tors in vegetal RNA transport. Based on these results, we pro-
pose a new model for vegetal RNA transport, as depicted in Fig-
ure 7. In this model, RNP complexes (red) are bound by both
kinesin-1 and kinesin-2 (inset). Although the majority of microtu-
bules in the oocyte (brown) are oriented with minus ends toward
the cortex (Pfeiffer and Gard, 1999), directional transport of the
RNP cargoes to the vegetal cortex is facilitated by a subpopula-
tion of microtubules (gold) in the vegetal cytoplasm with plus
ends directed toward the cortex.
Figure 7. Model for Vegetal RNA Localization
Adepiction of a st. III oocyte is shown, with themajority ofmicrotubules (shown
in brown) oriented with minus ends directed toward the vegetal cortex (bot-
tom). A subpopulation of microtubules (shown as gold) is present in the vegetal
cytoplasm, with plus ends oriented toward the vegetal cortex. Ribonucleopro-
tein (RNP) complexes transported to the vegetal cortex are shown in red.
Vegetally transported RNPs are bound (see inset) by both kinesin-1 (black)
and kinesin-2 (blue/green) motors. Anchoring of the RNA at the vegetal cortex
is not depicted.DevelopmeActive transport of mRNAs by molecular motors is an efficient
mechanism to deliver mRNAs to distinct subdomains within the
cell cytoplasm. For large cells, such as the Xenopus oocyte
(300 mm in diameter at st. III), motor-driven transport is a partic-
ularly attractive model. In this work, we have obtained evidence
of a necessary and direct function for Xenopus kinesin-1 in veg-
etal RNA transport. We find that kinesin-1 interacts specifically
with VLE and Vg1 RNA, as evidenced by both colocalization
and coimmunoprecipitation (Figure 1). Importantly, vegetal
RNA localization is inhibited by kinesin-1-function-blocking anti-
bodies (Figure 2), and by expression of two distinct XKHCmutant
constructs (Figures 3, 4, and 5). These results support a direct
role for kinesin-1 in vegetal RNA transport.
Another kinesin motor, kinesin-2, has been implicated in vege-
tal RNA localization (Betley et al., 2004), raising the question of
how these plus-end-directed motors individually contribute to
vegetal RNA localization. By comparing the in vivo effects of
kinesin rigor mutations, we have discovered a previously uniden-
tified step in the RNA transport pathway, mediated by kinesin-1
and kinesin-2. Oocytes expressing either kinesin-1 or kinesin-2
rigor mutants display identical phenotypes (Figure 4), in which
VLE RNA is restricted to a subregion of the vegetal cytoplasm ly-
ing above the vegetal cortex. Kinesin rigor mutants have been
shown to lock onto microtubules (Nakata and Hirokawa, 1995),
suggesting that RNA cargoes should collect in the region where
the kinesin motor is acting. Indeed, we find that VLE RNA accu-
mulates in the bottom half of the vegetal cytoplasm in the pres-
ence of the kinesin-1 or kinesin-2 rigormutants (Figure 4). Kinesin
function in the lower vegetal cytoplasm is further supportedby the
observation that endogenous kinesin-1 colocalizeswithVLERNA
in this same region (Figure 1), as do both kinesin-1 and kinesin-2
rigor mutant motors (Figure S3). Importantly, kinesin-1 and kine-
sin-2 coimmunoprecipitate in an RNA-dependent manner (Fig-
ures 5D and 5E), implying association through a shared RNA
cargo. Taken together, these data suggest that these motors
function during the same step in RNA localization. This is a partic-
ularly intriguing result as it is, to our knowledge, the first indication
that kinesin-1 and kinesin-2 interact during cellular transport.
The transport phase of Vg1 RNA localization has long been de-
scribed as a two-step process, in which vegetally directed trans-
port is followed by anchoring of the RNA to the vegetal cortical
cytoskeleton (Yisraeli et al., 1990). Our data now suggest at least
three distinct steps, because transport in the upper and lower
vegetal cytoplasm appear mechanistically distinct. The ‘‘inter-
mediate’’ kinesin-1 and kinesin-2 rigor mutant phenotypes (Fig-
ure 4) indicate that transport in the upper vegetal cytoplasm can
occur in the presence of kinesin-1 and kinesin-2 rigor mutant
motors, suggesting that transport from the germinal vesicle until
approximately midway to the vegetal cortex is independent of
kinesin-1 and kinesin-2 and may rely on an as yet unidentified
motor. Thus, our results suggest that transport to the vegetal
cortex consists of a step in the upper vegetal cytoplasm that is
independent of kinesin-1 and kinesin-2 and a step in the lower
vegetal cytoplasm that relies on these kinesin motors.
These results raise the question of why two different types of
plus-end-directed kinesin motors are required to coordinate
transport to the vegetal cortex. If these motors are simply redun-
dant, loss of either motor should be compensated for by the
other motor. Contrary to this expectation, reduction of eitherntal Cell 15, 426–436, September 16, 2008 ª2008 Elsevier Inc. 433
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Figures 4 and 5) activity disrupts vegetal RNA localization.
Thus, kinesin-1 and kinesin-2 do not simply act redundantly in
vegetal RNA localization. Further clues can be provided by
cross-rescue experiments. We used kinesin mutants carrying
motor domain deletions to reduce the levels of active kinesin-1
and kinesin-2 (Figure 5), and showed that kinesin-1 was able to
rescue kinesin-2 mutants and vice versa. These results suggest
that the levels of kinesin motors in the oocyte may be a limiting
factor for RNA transport, and that multiple motors may be bound
to RNA cargoes to facilitate transport. Much evidence disputes
a 1:1 stoichiometry of motor to cargo, with estimates of motors
bound to a single cargo ranging from between 1 to 11 (Bullock
et al., 2006; Levi et al., 2006; Vershinin et al., 2007). One rationale
for multiple motors bound to a particle is that increased numbers
of bound motors should decrease the likelihood of a cargo de-
taching from amicrotubule. Importantly, mixed polarity of themi-
crotubules in the vegetal oocyte cytoplasm may necessitate
multiple motors bound to RNA cargoes. Our results (Figure 6)
have revealed a population of microtubules with plus ends at
the vegetal cortex, which is compatible with kinesin-driven trans-
port to the vegetal cortex. However, a significant population of
microtubules is also oriented with minus ends directed toward
the vegetal cortex (Figures 6G and 7; Pfeiffer and Gard, 1999).
Within this mixed population of microtubules, multiple motors
bound to RNA cargoes would ensure that an RNA cargo remains
attached to a single microtubule regardless of whether it is ori-
ented toward the vegetal cortex or away. In this light, continued
accumulation of RNA in the upper vegetal cytoplasm in wild-type
XKHC-expressing oocytes at time points after RNA has cleared
from the upper vegetal cytoplasm in XKHC-rigor expressing oo-
cytes (Figures 4C and 4D) is intriguing, and could suggest bidi-
rectional transport in the lower vegetal cytoplasm. In such
a model, RNA could be transported both toward and away
from the vegetal cortex, but anchoring of the RNA at the vegetal
cortex could bias the flux of RNA transport vegetally. Indeed,
Vg1 has been shown to be anchored to the vegetal cortex after
transport (Alarcon and Elinson, 2001; Yisraeli et al., 1990). Our
model for vegetal RNA transport (Figure 7) incorporates the ex-
istence of a subpopulation of microtubules with plus ends at
the vegetal cortex, along with multiple motors binding to RNA
cargoes and anchoring at the vegetal cortex, to provide a new
mechanistic basis for directional RNA transport in the cytoplasm.
EXPERIMENTAL PROCEDURES
In Vitro Transcription
Transcription of VLE and XbMRNA for immunoprecipitation and RT-PCR were
performed as inMowry (1996). Fluorescently labeled VLERNAwas transcribed
as above, with inclusion of 1 mM Alexa Fluor 546-14-UTP (Molecular Probes).
Transcription of FLAG-tagged RNA was performed using the mMessage
mMachine kit (Ambion).
Microinjection and Oocyte Manipulation
Microinjection and culture of Xenopus laevis oocytes was performed as in
Kress et al. (2004). For RNA localization assays, 0.05 fmol of fluorescently la-
beled VLE RNA (2 nl at 25 nM) was injected into st. III oocytes and allowed to
localize for 8 hr. FLAG-tagged rigor mutant and control RNA (4 nl) was injected
at concentrations ranging from 62.5 to 500 nM (as noted in the figure legends)
and allowed to express protein for 16 hr prior to VLE RNA injection. For anti-
body interference, oocytes were injected with 4 ng of Protein-G-purified anti-434 Developmental Cell 15, 426–436, September 16, 2008 ª2008 Ebodies and incubated 2 hr prior to VLE RNA injection. For immunoprecipitation
and RT-PCR experiments, oocytes were injected with 2 nl of VLE or XbM RNA
at 50 nM.
Cloning
XKHC was amplified from Xenopus oocyte RNA using primers designed to the
predicted N and C termini. The full-length XKHC cDNA (deposited into Gen-
Bank; DQ680042) was cloned into pSP64TSN-FLAG (Kress et al., 2004) to
generate pXKHC-FLAG. XEg5 (GenBank# X54002) and XKlp3b (GenBank#
AJ009839) were amplified by PCR and cloned into pSP64TSN-FLAG.
XKHC-T92I-FLAG, XEg5-T105N-FLAG, and XKlp3b-T103I-FLAG were cloned
by PCR amplification of fragments corresponding to the N- and C-terminal
halves of each protein. All primer sequences are listed in Figure S8.
Immunoprecipitation
Immunoprecipitations were carried out as in Kress et al. (2004), except that
S10 lysates were prepared and immunoprecipitated usingWB [10 mMHEPES
(pH 7.4), 10 mM KOAc, 3 mM Mg(OAc)2, 5 mM EGTA, 0.05% NP-40, 1 mM
DTT, 0.1 mg/ml leupeptin (MP Biomedicals), 0.1 mg/ml antipain (MP Biomedi-
cals), 0.1 mg/ml trypsin inhibitor (MP Biomedicals), 0.4 mM pefabloc (Roche),
1 U/ml rRNasin (Promega), 34 g/l sucrose] at 0.5 ml/oocyte. Either 25 ml (for
RT-PCR) or 125 ml (for coimmunoprecipitation) of lysate was mixed with Pro-
tein-G-purified antibodies [SUK4 (DSHB), K2.4 (Covance)]; purified mouse
IgG (Sigma) was used as a control. XKHC and XKlp3a were detected by immu-
noblotting using SUK4 or K2.4 antibodies at dilutions of 1:500 or 1:50, respec-
tively. RNA isolation and RT-PCR were performed as in Kress et al. (2004),
using primers specific for Vg1, EF1a, VLE, or XbM RNA (Figure S8).
Immunolocalization and Imaging
For immunolocalization, performed as in Yoon and Mowry (2004), anti-SUK4
(DSHB), anti-FLAG (Sigma), and anti-a-tubulin (Sigma) were used at 1:250,
and g-tubulin antibodies (Sigma) were used at 1:150. Monoclonal EB1 anti-
bodies (BD Biosciences) were used at 1:50, and polyclonal EB1 antibodies
(a kind gift of E. Karsenti; Niethammer et al., 2007) were used at 1:250. Alexa
546, Alexa 633, Alexa 647, and Alexa 546 antibodies (Molecular Probes) were
used at 1:500. Oocytes were imaged by confocal microscopy using either a
Leica TCS SP2 or a Zeiss LSM 510 META.
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